Purpose To assess the optical performance of the new EnVista intraocular lens (IOL). Materials and methods Four aspheric IOLs were evaluated; the new EnVista is one amoung them. This IOL, similarly to the Z-Flex HB and the Bi-Flex 1.8 667AB ones, has a neutral aspheric design, whereas the fourth IOL under test (AcrySof IQ IOL SN60WF) presents a negative spherical aberration (SA). The IOL's aberration patterns were measured in vitro, by setting them up on an optical bench. From these aberration-pattern data, the modulation transfer function (MTF), the average modulation values, and the points spread function (PSF) were calculated. Furthermore, in order to assess the potential optical quality that these IOLs would yield once they are implanted, an average cornealaberration pattern was juxtaposed to the in-vitro profiles and the same parameters were calculated again. Results For the IOL-only scenario (ie, without including the corneal factor), it was the EnVista IOL, which is aberration-free that showed the higher MTF, PSF values. This was followed by the other two aberrationfree IOL models. However, when the effect of an average corneal pattern was also taken into consideration, the AcrySof IQ IOL SN60WF always outperformed the other neutral-asphericity IOLs. Conclusions The in-vitro optical performance of the EnVista IOL was good, but it decreases substantially in a whole-eye scenario, when the wavefront profile of an average cornea is added. Other designs with different degrees of SA should be considered for this IOL in order to surpass these results.
Introduction
In order to improve their product offering, the specialized industry of intraocular lenses (IOLs) has launched periodic innovations into the market. One of the most important areas of innovation is related to wavefront technology. The introduction of this technology has highlighted the role of higherorder aberrations (HOAs), the spherical aberration (SA) being the most important one. Classic IOLs are spherical (consequently, with positive SA), whereas the latest models have aspheric designs. Within this aspheric-lens category, some of the IOLs have had its intrinsic SA wholly corrected (ie, they have no SA, which is why they are usually designated: 'aberration-free' IOLs), whereas other aspheric IOLs have been devised to compensate (totally or partially) the corneal SA (ie, the IOL itself has a negative SA), which is why they are often called 'aberrationcorrecting' IOLs.
At the same time, the materials from which the IOL is manufactured represent the other main field of innovation; in this respect, new materials are continuously being developed. Nowadays, the most widely implanted IOLs are made of hydrophobic acrylic materials, as these lenses are soft and foldable and, as a result, only a small incision is required for it to be inserted. These small incisions do not usually need sutures, thus allowing faster patient recovery times, minimizing residual astigmatism and providing better visual outcomes. [1] [2] [3] The aim of this study is to assess the optical performance of a novel hydrophobic acrylic IOL recently launched into the market. This new lens is the EnVista (Bausch and Lomb, Rochester, NY, USA). The optical performance of this new IOL was compared with three other commercially available IOLs.
Materials and methods

Aberration-free aspheric IOLs
Among the four IOLs evaluated in this study, three of them look for attaining zero SA. The EnVista IOL is marketed as an aberration-free IOL. This lens is manufactured in hydrophobic acrylic material that incorporates a UV filter. This hydrophobic acrylic onepiece monofocal IOL has a total diameter of 12.5 mm, with a 6.0 mm optical zone. The lens is available with an optical power that ranges from 0. The other two aspheric aberration-free lenses under assessment were the Bi-flex 1.8 677AB (Medicontour, Geneva, Switzerland) and the Z-Flex HB 860FAB IOLs (Medicontour). The Bi-Flex 1.8 677AB is a one-piece IOL, manufactured from a combination of a hydrophilic and a hydrophobic copolymer. It includes a UV-absorber filter. The IOL's total diameter is 13.0 mm, with a 6.0 mm optical zone. The lens is available with an optical power that ranges from 0. 
Aberration-correcting IOL
The AcrySof IQ IOL SN60WF (Alcon Laboratories, Fort Worth, TX, USA) IOL features an aspheric modification to the posterior optic surface. The aim of this design is to provide a negative amount of SA ( À 0.20 mm for a 6-mm pupil), thus compensating part of the positive SA that the eye shows after crystalline lens' extraction. The lens is a foldable single-piece hydrophobic acrylic IOL that incorporates both a UV and a blue-blocker filter (yellow tint). The optical zone is 6.0 mm in diameter, whereas the lens' total width is 13.0 mm. The optical power of AcrySof IQ IOL SN60WF ranges from þ 6.0 to þ 30.0 D, in 0.5 D steps.
Image quality assessment
To assess the IOLs' image quality we used the NIMO instrument (LAMBDA-X, Nivelles, Belgium), which includes an optical bench, together with its software version 4.5.15. Figure 1 shows a schematic layout of the NIMO TR1504. The working principle of this instrument is based on a phase-shifting schlieren techonology. 4 By combining the principle of schlieren imaging with the phase-shifting method, the NIMO instrument allows the measurement of light beam deviations, which can be used to calculate the wavefront analysis considering the 36 Zernikes coefficients. This technology has been shown to effectively measure in vitro optical quality of intraocular lenses. 5 The apparatus complies with the International Standard Organization (ISO) 11979-216. 6 All IOLs were measured while being immersed in a saline solution whose composition was 0.154 milliequivalents per milliliter of NaCl (Laboratoires Sterop SA, Anderlecht, Belgium). The cuvettes or wet cells used to hold the IOLs and the saline solution in place during the measurements have been verified by means of an interferometer; and were shown to have a power o0.005 D. This additional cross-check on the wet cells was carried out to rule out potential interferences with the measurement. Moreover, accurate power measurements are only possible if the setup has been thoroughly calibrated, which is why the instrument was calibrated for each measurement. This instrument consists of a cold cathode tube backlight sources that emits green light at 546 nm, incorporating an additional diffuser and a ±10-nm bandwidth filter to the source to homogenize and limit the spectral width of the light beam. A liquid crystal display (LCD) placed at the focal length of the lens L1 that is the lens responsible for collimating the light beam. Two lenses, L2 and L3, which form an image on camera through a telecentric arrangement and a CCD camera with a native pixel resolution of 1396 Â 1340 pixels corresponding to a spacing of 69 pixel/mm or 1761 pixel/inch. The high resolution of the camera is directly related to the high instrument resolution (36 mm). The intraocular lens under study is placed in the object plane of the instrument, between lens L1 and L2.
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Eye
All measurements were recorded for a 5.0 mm aperture, as it generally corresponds to the average pupil size of patients who are over 60 years of age with under mesopic conditions. 7 In this study, Zernikes coefficients values were retained as the average of five measurements.
Image quality parameters
The IOLs' optical quality was quantified by means of the modulation transfer function (MTF) and the point spread function (PSF). The MTF represents the contrast attenuation induced by an optical system as a function of the spatial frequency or target size. This fall in image contrast, which is sharper for higher spatial frequencies, 8 can lead to a decline in the optical system's visual performance. 9 In the current study, the mean one-dimensional MTF was calculated as the average over all orientation of the two-dimensional MTF. Both the MTF and the PSF were computed from the experimental wavefront data using a custom-made MATLAB-based application (Mathworks, Nantick, MA, USA). In order to be able to compare the MTFs yielded by the four IOLs, we took the average modulation value as optical quality metrics. 10, 11 The average modulation has been considered to be the modulation averaged across all frequencies ranging from 0.0 to 100.0 cycles per millimetre; this value has been shown to be proportional to the area under the MTF curve between 0.0 and 120.0 cycles per millimetre.
As it was mentioned before, the image quality of the lenses alone was measured in vitro. Furthermore, to simulate the optical quality that the IOLs could provide after implantation, a whole-eye wavefront aberration map was simulated by adding a corneal aberration profile to the IOLs' aberration profiles, and from these data new MTFs and PSFs were computed. Previous studies have shown that corneal HOAs remain rather stable with age. [12] [13] [14] From those studies, an average corneal pattern could be obtained. To combine (add) this average corneal pattern with each IOL's pattern we used the abovementioned custom-made MATLAB-based application.
The results yielded by the IOLs alone and by the IOL þ cornea systems were compared in order to have an estimate of the optical quality that the implanted IOLs could provide. Figure 2 presents the HOAs Zernike coefficients for each of the IOLs alone, measured in vitro, as well as the Zernike coefficients corresponding to the averaged cornea. With this figure it is possible to estimate how the Zernike modes would be modified when the corneal aberration coefficients were added to the HOA profile of Figure 2 Zernike coefficients of the higher order aberrations corresponding to the intraocular lenses (IOL) alone and the intraocular lenses when an average cornea was added (IOL þ cornea system).
Results
Optical quality of a new aberration-free IOL D Madrid-Costa et al each IOL. In the top of the figure it can be observed that, within all the Zernike modes, the most dramatic differences can be founded for the Z(4,0) (SA) coefficient if the AcrySof IQ IOL SN60WF is compared to the other three lenses. The figure shows how the AcrySof IQ IOL SN60WF would neutralize the positive SA while the other three would show a positive increment in the SA coefficient when they were combined with the averaged cornea. How this coupling effect would impact on the optical quality of the patients is showed in Figures 3 and 4 . Figures 3 and 4 and show the MTF curves and the PSF for the four IOLs alone and for the four IOL þ cornea systems, respectively. From Figure 3 it is possible to observe that the EnVista IOL that provided the best MTF curve when the IOLs were assessed by themselves, without including the effect of corneal aberrations. This is followed by the other 2 aberration-free IOLs. The MTF for the AcrySof IQ IOL SN60WF alone was lower than for the other three IOLs. This is expected because this lens incorporates a negative amount of SA ( À 0.20 mm for a 6-mm pupil) into its design. However, when the cornea was added (IOL þ cornea), the situation reversed completely, since out of the four IOLs under study it was the AcrySof IQ IOL SN60WF that yielded the best results: for all spatial frequencies the MTF values obtained for the AcrySof IQ IOL SN60WF þ cornea system were higher than for the other three systems. It is also interesting to observe that the AcrySof IQ IOL SN60WF was the only lens whose MTF curve improved upon addition of the cornea, which is comparable to the postimplatation status of the IOL inside of the eye. Table 1 presents the average modulation values for the four IOLs under study in both scenarios (IOL by itself or combined with the average corneal profile). The data reveal that the EnVista IOL offered the best results when the lenses were considered without the cornea, whereas when the IOLs were considered as part of an IOL þ cornea system, it was the AcrySof IQ IOL SN60WF that yielded the best results out of the four IOLs.
Discussion
In the current study we have evaluated a new aberrationfree IOL that it has been launched into the market. This new lens is the EnVista IOL and in the present study it has been experimentally compared by means of in-vitro measurements of their optical quality with three other aspheric monofocal IOLs: AcrySof IQ IOL SN60WF, Bi-Flex 1.8 677AB and Z-Flex HB 860FAB. The EnVista, the Z-Flex and the Bi-Flex IOLs have all neutral aspheric designs-that is, they are IOLs with no intrinsic SA (aberration-free)-, whereas the AcrySof IQ IOL SN60WF is an aberration-correcting aspheric IOL that has been designed to have a negative amount of SA in an attempt to partially compensate for the positive ocular SA that the eye normally has once the lens has been extracted. Optical quality metrics (MTF, PSF) were computed both Figure 3 Modulation transfer function curves of the four intraocular lenses (IOL) measured in vitro, both alone (without a cornea) and when the average corneal pattern was added (IOL þ cornea system).
for the IOLs alone as well as for a hypothetical optical system comprising each IOL plus an average cornea, whose aberration data map was taken from the literature. [12] [13] [14] This latter scenario was included in order to estimate the performance of the IOL once it is implanted in the aphakic eye. Figures 3 and 4 show the MTF curves and the PSF, respectively. These figures present the results of the IOLs measured in vitro and the IOLs when the average corneal HOAs were added. Both the MTF curves and the PSF suggest that when the IOLs are measured without cornea, the aberration-free IOLs performed better than the aberration-correcting IOL. However, when the HOAs of the cornea were added to the aberration profile of the IOLs, the aberration-correcting IOL was the only IOL that improves its optical quality when compared with the situation without cornea. All these results clearly show the impact of SA upon the optical performance of an IOL: one can see that if the cornea is not taken into account, the aberration-free IOLs present the lowest amounts of SA and higher MTF and PSF values. Conversely, when the cornea was added, the aberration-correcting IOL present the lowest amount of SA and the best results. In terms of visual quality, different studies have reported the importance of SA, showing that an increase in the total amount of the eye's SA results in an increase of the total amount of HOAs, which, in turn, decrease the patients' visual function. 15, 16 The dramatic changes in the results observed when the corneal profile was added to the IOL profile, remark the importance of including a corneal profile to the IOL profile in order to represent, as near as possible to a 'real life' scenario, the potential optical performance of an IOL once it is implanted in the aphakic eye.
In the current study we have quantified the optical performance by means of the MTF. In relation to visual quality, a decrease in the MTF entails variations in image contrast that could reduce an optical system's image quality, thus affecting the patients' visual performance. 9 Moreover, Felipe et al 17 performed a study to determinate whether there is a correlation between IOL optics and visual parameters. In order to do that, the authors analysed the optical quality of the IOL by average modulation parameter and the patient's visual quality by the visual acuity. The authors found that the visual acuity varied 0.24 decimal units per 10 units of average modulation variation under mesopic conditions. Table 1 shows the average modulation values of the four IOLs for a 5-mm aperture (it generally corresponds to the average pupil size that patients over 60 years of age have under mesopic conditions. 7 ). In this study, when the cornea was added to the IOLs, it was the AcrySof IQ IOL SN60WF (aberration-correcting) that provided the best results, showing a substantial difference with the other three IOLs (see Table 1 ). It is important to take into account these results and the differences across the lenses due to the reported impact that they would have on the visual quality of the patients. 17 For example, considering the study of Felipe et al, 17 the average modulation values obtained in the current study could be equivalent to visual acuity values under mesopic conditions about 20/16 for IQ, 20/20 for Z-Flex and 20/25 for Bi-Flex and EnVista. Therefore, the correction of the SA under the mentioned conditions improves the optical quality of the IOL þ cornea system and consequently, it is possible to suggest that the visual quality of the patients would also be improved in regular tasks performed in mesopic Figure 4 Point spread function representation of the four intraocular lenses (IOL) measured in vitro, both alone (without a cornea) and when the average corneal pattern was added (IOL þ cornea system).
Optical quality of a new aberration-free IOL D Madrid-Costa et al conditions such night-driving. These outcomes have showed the importance of correcting the SA of the IOL þ cornea system in order to attain an optimum visual performance. It should be also noted that we used an average corneal profile that is a theoretical representation of the corneal profile of the population. This allows to estimates the optical performance when the IOLs profile is added to the averaged cornea. Nevertheless, the corneal profile could slightly vary within normal individuals but largely within patients that have undergone corneal refractive surgeries. [18] [19] [20] [21] For these cases, due to the HOA profiles of the IOL are also showed and the surgeons could assess the corneal profile of each patient, it would be possible to estimate which is the best IOL to each individual case.
At the same time, it is also important to bear in mind that various factors related to the surgical implantation of the IOLs could also have an impact upon the patient's visual quality. One of the most important factors is the required accuracy of the centration of the lens. [18] [19] [20] [21] [22] [23] [24] Decentration of an IOL can lead to other common complication: tilt. In fact, tilt and decentration of the implanted IOLs could limit or even cancel out the theoretical advantages of aspheric IOLs. [23] [24] [25] [26] [27] In summary, the results of the current study show that the EnVista IOL studied provides a good optical performance, however, the optical quality results for this IOL were worse than for the aberration-correcting IOL. Hence, it seems that it would be interesting to consider other designs for this new IOL with other degrees of SA in order to optimize its results in a wider spectrum of patients.
Summary
What was known before K In order to improve their product offering, the specialized industry of intraocular lenses (IOLs) has launched periodic innovations into the market. Two of the most important areas of innovation are related to the role of higher-order aberrations (HOAs), being the spherical aberration (SA) the most important one, and the materials from which the IOLs are manufactured. Recently, it has been launched into the market a new IOL manufactured from a novel hydrophobic acrylic material with an aberration-free design; this new lens is the EnVista. The optical quality related to the visual quality of patients with these new IOL had not been studied.
What this study adds
K The in vitro optical performance of the EnVista IOL was good, but it decreases substantially in a whole-eye scenario, when the wavefront profile of an average cornea is added. Other designs with different degrees of SA should be considered for this new IOL in order to surpass these results.
